Liquid water exchange in two-phase flows within hydrophobic porous gas diffusion materials of polymer electrolyte membrane fuel cells was investigated spatially resolved with H-D contrast neutron radiography. A commonly used one-phase model is sufficient to describe water exchange characteristics at low water production rates. At higher rates, however, a significantly higher exchange velocity is found than predicted by a simple model. A new model for the water transport is derived based on an eruptive mechanism guided by Haines jumps, which is supported by recent experimental findings and leads to a very good agreement with the experiments. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2946664͔ Low temperature polymer electrolyte membrane fuel cells are among the most promising alternatives to conventional energy sources in mobile and stationary applications. 1, 2 In hydrogen polymer electrolyte membrane ͑PEM͒ fuel cells, liquid water plays a crucial role as, for example, water concentration and flow determine their efficiency and longevity. 1 Water transport in fuel cell materials is commonly described by two-phase flow models, which take into account the complex transport interactions between liquid and gaseous phases, 1, [3] [4] [5] and numerous theoretical and experimental reports focusing on two-phase flow have been crucial for understanding the basics of water transport. 3, 4, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] In recent years, neutron radiography, 10-13 magnetic resonance imaging, 14 and ͑to a limited extent͒ x-ray imaging [15] [16] [17] have been applied to visualize liquid water flow in fuel cells. However, until recently, it was not possible to quantify local water transport ͑exchange͒ rates inside fuel cell materials, i.e., the rates at which the accumulated water is exchanged by newly produced water from the cathode, especially under stationary conditions where the local water amount remains almost constant.
Here we report on measurements of the water exchange characteristics through GDLs of PEM fuel cells at operating conditions that provide insights into the actual water dynamics and the underlying transport mechanisms.
A single cell setup was used for the measurements. On the anodic and cathodic electrode, a threefold serpentine flow field with 1 mm wide channels and ribs and with an active area of 100 cm 2 was used. The flow fields were machined in graphite composite plates with cooling flow fields on both electrodes to ensure a proper thermostatization. Gore Primea 5620 membrane electrode assemblies and SGL Carbon Sigracet 10 BB material were employed in the fuel cell construction. The utilization rates at the anode and cathode were u A = 90% and u C = 25%. Ambient pressure was maintained at the media outlets. The temperature of the cell was T = 60°C and the cathodic gas stream was humidified ͑H 2 O͒ with a rather low dew point of 25°C in order to limit water condensation from the gas stream to a negligible level. The radiography experiments were performed at the neutron tomography instrument CONRAD/V7 ͑HMI Berlin͒, which is described elsewhere.
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H-D contrast neutron radiography is based on the different neutron attenuation strength of hydrogen and deuterium. Hydrogen interacts much stronger with neutrons than deuterium due to the high corresponding incoherent scattering length. Accordingly, light water ͑H 2 O͒ is a strong attenuator for neutron beams in comparison to heavy water ͑D 2 O͒, which is almost transparent. In order to exploit this fact, a PEM fuel cell was alternately fed with deuterium and hydrogen gas. Changes in the current density and the overall water transport dynamics of the fuel cell are negligible when it is operated with deuterium gas. After switching from hydrogen to deuterium, the deuterium gas is reduced to D 2 O at the catalyst and gradually replaces the liquid H 2 O in the GDL and in the flow-field channels. Thus the radiographic image contrast is a direct measure of the local H 2 O content in the fuel cell. Figure 1 shows different normalized neutron radiographs of an operating PEM fuel cell before and after switching from hydrogen to deuterium gas. The liquid water distribution was quantified by normalizing to ͑dividing by͒ an image of the dry cell. Thereby, the pure water ͑H 2 O͒ distribution is revealed whereas other features of the fuel cell material or the flow-field structure are removed from the images. The varying local water thickness is displayed by different colors. Small clusters of liquid H 2 O in the GDL can be identified as green regions in Figure 1͑a͒ . The larger H 2 O amounts in the flow-field channels appear as red horizontal lines. About 45 s after switching from hydrogen to deuterium, some liquid H 2 O in the GDL is exchanged by D 2 O and the corresponding green areas become smaller ͓Figs. 1͑b͒ and 1͑c͔͒. After 24 min and 45 s, almost all the H 2 O in the flow-field channels has been exchanged and hardly any H 2 O can be found in the GDL, i.e., maximum transmission comparable to that of the dry cell is achieved ͓Fig. 1͑d͔͒. However, GDL and flowfield channels still contain some residual H 2 O. After the gas feed is switched back to hydrogen the opposite effect is observed and the attenuation increases ͓Figs. 1͑e͒ and 1͑f͔͒. For the area in Fig. 1͑a͒ marked in red, the integral water amount was measured for two different operating conditions ͑i 0 = 300 mA/ cm 2 and i 0 = 500 mA/ cm 2 , u a = 90%, u k = 25%͒. This regime was chosen since here hardly any water can be found in the flow-field channels. Hence, only water accumulations in the GDL and the corresponding exchange characteristics are measured. The time development of the amount of light water after switching from H 2 to D 2 is shown in Fig.  2 . At i 0 = 300 mA/ cm 2 an almost linear exchange is observed at the initial stage of the water exchange curve. In contrast, at i 0 = 500 mA/ cm 2 , the exchange process shows a different behavior with a very fast initial decrease converging to a slower exchange rate for longer times.
In order to compare the exchange rate of liquid water and heavy water, we consider a commonly used one-phase convective model. 19 The concentration decrease of H 2 O due to the production of D 2 O can be described by the following equation:
where x is the direction across the GDL, c d is the concentration of heavy water, and u the constant velocity of the water flow. This equation is solved numerically by the differential equation,
The following parameters were chosen according to the literature: the diffusion speed u = 5.365ϫ 10 −7 m / s, porosity = 0.7, c d ͑x =0,t͒ = 55.2 mol/ l ͑boundary condition͒, and c d ͑x ,0͒ =0 ͑starting condition͒. 19 The results correspond to a GDL thickness of 200 m and 20 discretization elements were taken into account. All the other parameters are constants such as the Faraday constant or the concentration of light and heavy water. Concerning the choice of the parameters, only the thickness of the GDL as well as the porosity have been taken in order to resemble a standard media. The diffusion velocity is calculated based on the current density, which in turn is a parameter that can be freely chosen ͑within reasonable sizes͒.
Equation ͑2͒ was solved for two different current densities: i 0 = 300 mA/ cm 2 and i 0 = 500 mA/ cm 2 . Results for the time dependent H 2 O amounts are shown in Fig. 2 ͑solid lines͒. At i 0 = 300 mA/ cm 2 , the calculated H 2 O concentrations are in very good agreement with the experimental data ͑blue lines͒. However, at higher current densities ͑i 0 = 500 mA/ cm 2 ͒ the measured exchange rate is much faster than predicted by the one-phase convective model ͑red lines͒. The particular shape of the experimentally measured curve with an initial fast decay cannot be reproduced by variation of the parameters introduced above.
In order to describe exchange characteristics at increased current densities, we introduce a model based on a water transport mechanism that was recently found in ex situ experiments by Litster et al. ͑see Ref. 8͒, which is in good agreement with in situ synchrotron radiography measurements on PEM fuel cells. 17 Water transport is supposed to occur through "transport channels" in the GDL in discrete steps of ejection, which are best described by Haines jumps ͑bursts͒ and correlated choke-off effects.
5,20 Such a water transport channel consists of several interconnected GDL pores plus at least one constriction close to the gas transport channel ͑Fig. 3͒. The channel is continuously filled with liq- 
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uid water due to convection or precipitation up to a certain level, where the driving pressure is high enough to push the water through the constriction. This yields a spontaneous ejection of the water into the flow-field channel where it forms a droplet that is later evaporated or moved away by the gas or water flow in the channel. The rate of channel filling depends strongly on the operating conditions. Velocity and pressure threshold for the eruptions remain almost constant under stationary conditions with a specific repetition time T for the eruption. 17 The transport channels could be characterized by a period time T and a corresponding phase ͑that describes the filling level at the D-H switching time͒. Furthermore we assume that the water volume capacity of the channels is equally distributed for channels with period times between T 1 and T 2 ͑box distribution͒.
After some calculations, it can be shown that the remaining amount of H 2 O at a specific location at time t ͑0 ഛ t ഛ T 2 ͒ is given by
W 0 is the overall water amount of all transport channel at t = 0 and 1 / T 2 − T 1 was added for normalization. At t ജ T 2 , all H 2 O has been exchanged by D 2 O and W all ͑t͒ =0. Alternatively the box distribution can be exchanged with a Gaussian distribution with its mean value around T 0 and a width specified by T :
͑4͒
The result for the best fit with this approach is shown in Fig. 2 . In the following discussion, we refer to the "box distribution fit" as fit 1, while fit 2 is based on a Gaussian distribution of the water capacities.
As can be derived from However, slight deviations can be found between both approaches. In contrast to fit 1, the Gaussian approach of fit 2 shows slight deviations from the experimental data at early times. This can be explained by the rather weak contribution of fast transport channels for low T values due to the decay of the Gaussian distribution. The experimental data indicates that these fast transport channels play a very important role in the overall transport process and are not sufficiently described by fit 2. On the other hand, the Gaussian approach fits better than fit 1 for times Ͼ200 s, presumably because it also includes a few very slow processes with high T values, which are completely neglected by fit 1. The slow processes can be attributed either to slow eruptive transport events that were also found experimentally 17 or ͑possibly in addition to that͒ to other slow water exchange mechanisms where a more complex interaction between gas phase and liquid phase plays a role. In the simplest case, water could be trapped in pores which do not allow for any transport ͑e.g., dead end pores or channels with very pronounced constrictions͒. In this case, water might be slowly exchanged by evaporation and condensation, i.e., no water transport in the liquid phase ͑convection͒ occurs.
In conclusion, H-D contrast neutron radiography opens up the way for imaging and characterizing two-phase flow phenomena in porous media of fuel cells that are inaccessible by other methods. Water exchange rates were measured under stationary conditions providing insights into the transport dynamics. At low water production rates, a well-known onephase convective model is sufficient to describe the exchange characteristics. However, we have found much faster water exchange than expected at increased current densities. In this case, we could describe the exchange behavior by an eruptive transport mechanism based on bursts-similar to Haines jumps-that also explains other experiments. 8, 17 The proposed fit model is in very good agreement with the experimental results obtained by H-D contrast neutron radiography. The corresponding time constants and distributions of periods agree with the recent literature. The fit model can be used for further development of more sophisticated twophase flow models in future.
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